Abstract. An approach to the integrated modelling of plasma regimes in the projected neutron source DEMO-FNS based on different codes is developed. The integrated modelling allows to eliminate uncertainties in external parameters for such tasks as plasma current ramp up, steady-state plasma consistency, plasma stability and heat load onto the wall and divertor plates. The following codes are employed for the integrated modelling. ASTRA transport code is used for adjustment of the steady-state regime parameters, NUBEAM Monte Carlo code for NBI incorporated into the ASTRA code, DINA free boundary equilibrium and evolution code, SPIDER free boundary equilibrium and equilibrium reconstruction code, KINX ideal MHD stability code, TOKAMEQ free boundary equilibrium code, edge and divertor plasma B2SOLPS5.2 code and Semi-analytic Hybrid Model (SHM) code for self-consistent description of the core, edge and divertor plasmas based on the experimental scaling laws. The consistent steady state regime for the DEMO-FNS plasma and the plasma current ramp up scenario are developed using the integrated modelling approach. Passive copper coils are considered for suppression of the instability to vertical displacement.
Introduction
The tokamak based fusion neutron source project DEMO-FNS with total neutron yield of approximately 10
19 s -1 [1] is considered in the present paper from the plasma modelling point of view. Given the target neutron yield parameter, technological and physical constraints, the device parameters are to be founded by calculations with numerical codes. Different plasma codes describing main plasma transport and MHD stability, current ramp up scenario and divertor plasma are used separately but consistently exchange their input and output parameters. In contrast to the system code approach, important and subtle effects such as BV current ramp up, passive coils influence on the plasma stability can be taken into account eliminating many uncertainties in plasma parameters. We call this approach as the integrated modelling of plasma.
The parameters of a steady state regime and current ramp up stage are adjusted in the integrated modelling using the following codes: ASTRA transport code [2] , NUBEAM Monte Carlo code for NBI [3] incorporated into the ASTRA code, DINA free boundary equilibrium and evolution code [4] , SPIDER free boundary equilibrium and equilibrium reconstruction code [5] , KINX ideal MHD stability code [6] , TOKSTAB rigid shift vertical stability code [7] , edge and divertor plasma B2SOLPS5.2 code [8] and semi-analytic hybrid modelling code (SHM) of selfconsistent description of the core, edge and divertor plasmas based on the experimental scaling laws [9, 10] .
Plasma parameters cross-checked in numerical codes are shown in Table I . Each of these parameters strongly influences the calculated plasma regime. The search for the acceptable variation of these parameters is the main task of the integrated modelling approach. Normalized beta βN, geometry, internal plasma inductance and profile shaping influence the plasma MHD FNS/P7-11 stability and are determined by the KINX and SPIDER codes. Free boundary equilibrium calculations with DINA and SPIDER codes give PF coil currents depending on the same plasma parameters and check their limits. Heat flux limits to the divertor zone can be obtained with the divertor plasma B2SOLPS5.2 code calculating the heat load to divertor plates and wall. NUBEAM code calculates NB current drive efficiency and beam-plasma D-T fusion power for transport ASTRA code to fulfill the self-consistent analysis of the steady state regime with the plasma current fully substituted by the NB driven and bootstrap currents. The task to achieve the target parameter of neutron yield (~10 19 s -1 ) is solved fulfilling the plasma stability condition and the heat load limits onto the vessel wall and the divertor targets. The values of normalized beta, poloidal beta, internal inductance and pressure profile peaking factor are sorted out in this procedure. In addition, some uncertainties are eliminated using the scan of the corresponding parameters in order to obtain its admissible changing range without decisive influence on the neutron yield. There are also limits caused by neutron shielding, magnetic stress and construction strength considered for this project elsewhere [1, 11] defining the elements size and position. Thus the major radius was increased from 2.5m and 2.75m in order to increase the neutron shield width. Results of the steady state modelling for DEMO-FNS plasma are presented in Table II for two different values of major radius. As the input power and plasma density is kept the same, the ion and electron temperatures are decreased for R=2.75m in The plasma current ramp up scenario is developed as the other task of the integrated modelling. Our approach to current ramp up stage allows to take into account the volt-second consumption from the central solenoid and the control coils, bootstrap current contribution and neutral beam current drive. The fast particle losses and the current drive efficiency during the current ramp up stage are calculated with the NUBEAM code for different values of plasma current. The plasma stability is also analyzed at this step. Plasma current ramp up scenario calculated with the DINA code is adjusted to match the steady state plasma parameters. 
The electron density profile is prescribed with its average value equal to 10 20 m -19 . Empirical pedestal model [13] is used with parameters fitted to experimental results from DIII-D, which has the most similar geometry between operating tokamaks to the project device. The steady state regime is established when the current balance: IPL=ICD+IBS, is fulfilled. One of uncertain modelling parameters is the H-factor (confinement parameter). Results of H-factor scan for the steady state regime are shown in Table III . The confinement degradation causes strong decrease of the plasma current, temperature, beam slow down time and, as a consequence, decrease of the neutron yield. It is taken equal to H-factor=1.3 for reference regime although H-factor=1.1 allows to obtain acceptable neutron yield as well. Table IV shows values of the current from the beam, the bootstrap current, neutron flux, the internal inductance for different vertical positions of the beam axis and the angle of the beam in the vertical plane scanning in the NUBEAM code. Target parameter, the distance from the FNS/P7-11 main axis of the torus to the beam axis, is limited by the toroidal magnetic field coil position; its maximal possible value equal to 2.65m is taken in order to maximize the current generated by the beam. One can see that the increase of the major radius (the target parameter is reduced from Rt= 2.85m to Rt=2.65m) causes the increase of the bootstrap current and the reduction of the NB driven current. The total current of the plasma is reduced by 0.5 MA; full neutron flux, GN, decreases slightly to the value 1.3×10 19 s -1 in the regime chosen for the reference (α=0, dH= 0.6m). The vertical angle, α, and the vertical beam displacement, dH, have a little impact on GN but dH helps to decrease the internal plasma inductance. The last parameter is important for the PF currents in plasma shaping coils.
Steady state profiles of plasma parameters are shown on FIG. 1 . Off-axis NB current drive produces the reversed shear q>1 regime with flat plasma current density and low internal inductivity li~0.53 (see Table IV ). Additional central current density jadd with total amount of 4kA is used for better numerical convergence of equilibrium solution and is not important in the current and energy balances of the steady state regime.
DINA calculations
Calculations with free boundary equilibrium and evolution DINA code allows to develop the plasma current ramp up scenario in the external coils and to determine PF coil currents in the steady state regime. Time evolution of some plasma parameters during the current ramp up stage is shown on FIG.2 . The plasma current is ramping up due to the change of the poloidal flux from the currents in the solenoid coils, ∆ΨSolenoid≈8Wb, and in the control PF coils, ∆ΨPF≈11Wb. Total amount of the poloidal flux goes into the resistive plasma losses (~1.2Wb), internal plasma inductive flux (~4.7Wb) and external plasma inductive flux (~13.1Wb). The 
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FNS/P7-11 NBI heating and current drive is switched on at time 3s, when plasma current reaches 3.5MA. NUBEAM calculations show the absence of large orbital losses of the fast particles when the plasma current is higher than 3MA. The plasma current increases up to 4.5 MA inductively due to of inductive poloidal flux ∆Ψ= ∆ΨSolenoid+∆ΨPF ~ 19Wb and due to the NBCD and bootstrap non-inductive current drive mechanisms during the current ramp time ∆t = 4.5s. However for the long steady state large negative currents must be taken away from solenoid coils. This can be achieved due to the overdrive condition IPL<ICD+IBS at the long time scale (up to 100s); future calculations will be provided to show this possibility.
Vertical stability and beta limit
Free boundary equilibrium evolution code SPIDER [5] has been employed for the equilibrium and axisymmetric stability calculations. SPIDER can work as the free boundary equilibrium solver (direct equilibrium with given PF currents and inverse equilibrium to determine PF coil currents) and as the plasma evolution code taking into account the magnetic field diffusion. Recently the code has been integrated with the ASTRA transport code [14] . The DINA equilibrium was reproduced given the plasma profiles (FIG.4) and the active and passive PF coil layout. This equilibrium configuration was used as the starting point for the stability analysis.
Passive coils are needed to provide the axisymmetric n=0 (vertical) stability of the DEMO-FNS plasma: the vacuum chamber is too far from the plasma to provide the ideal stability, i.e. plasma stability assuming perfectly conducting wall at the place of the chamber, and plasma is unstable with Alfvénic growth rates without passive stabilizers. FNS/P7-11 made of 2 cm thick copper was placed closer to plasma at the low field side (LFS) in addition to the 3 cm thick steel double wall chamber (FIG.5) . With the passive coils the axisymmetric VDE simulation performed with the SPIDER code gives an estimate for the vertical instability growth rate γ ~ 20s -1 . This result was confirmed with the ideal MHD KINX code [6] treating the wall and passive stabilizers as the variable resistivity thin wall (FIG. 5) . Note that in the n=0 mode computed with the KINX code has growth rate γ=17s -1 exceeding by ~50% the growth rate obtained in the rigid body approach used in TOKSTAB code (γ~11s -1 ).
The passive coils alone (without the wall) do not provide the stability at the Alfvén timescale. That is why replacing the copper coils with the steel ones increase the growth rate just ~4 times despite the resistivity increasing ~40 times. Conducting structures placed at the top and bottom in the vicinity of the plasma, e.g. divertor plates, would provide more efficient stabilization if they were electrically connected (in toroidal direction or top to bottom plates with bridges) to allow for generation of up-down anti-symmetric toroidal eddy currents. Having toroidally disconnected divertor elements avoids shielding during the current ramp-up, but their stabilizing influence is limited to generation of loop currents in this case. The best choice would be the top to bottom plate connection with bridges, as it is planned for the passive coils, having the same effect against shielding and turning the loop currents into up-down anti-symmetric toroidal eddies, but engineering difficulties might prevail against implementation of this option. The proposed passive coils are sufficient to slow down the vertical instability to reasonable values of growth rates allowing for implementation of conventional feedback control of plasma position. The sensitivity studies performed with the KINX code show a weak dependence of n=0 growth rates on the internal plasma inductance li >0.5 at constant poloidal beta βp (Table V) . At the same time, increasing βp to the values higher than 1 at constant li leads to nearly two times decrease of the growth rate (Table VI) . .6 . Again the vacuum chamber wall is too far from the plasma to provide any significant increase of the beta limit versus the no-wall limit. In contrast to the n=0 case LFS blanket/first wall modules can be quite efficient for passive stabilization of n>0 kink modes and provides an access into the n=1 RWM regime with possible active RWM control in the steady state with high βN>4. Approximating the blanket position as a conducting wall with the aw/a=1.3 minor radius similar to plasma boundary gives a reasonably wide n=1 RWM operation space up to βN=5 (FIG.6) .
SOL plasma modelling
The idea how to involve the SOL and divertor plasma description into the integrated modelling is described in [10] . The edge and divertor zone are treated with SHM core and two-point edge plasma code [9] , and 2D SOL and divertor plasma B2SOLPS5.2 code [8] . Preliminary results of SOL and divertor plasma modelling matched with main plasma parameters are obtained. It is shown that there is a dependence of the heat loads to the wall and to the divertor plates on uncertain parameters in these codes such as the SOL width, heat and particle transport coefficients in the edge region and the distance from the plasma to the wall in the equatorial plane (see Table I ). Taking these parameters from the experimental scaling laws, values 5-9 MW/m 2 of the heat flux densities to the divertor plates in the outer divertor were obtained which is acceptable according to experimental tests [10] .
Conclusions
The integrated modelling of DEMO-FNS design allows to eliminate uncertainties of modelling parameters such as li, βN, βp, H-factor, profile shape, NB parameters, SOL heat load and geometry parameters.
The energy and current balances for steady state regime were cross-checked with ASTRA and DINA codes, free boundary equilibrium was cross checked with DINA and SPIDER codes -in all cases the good agreement between different codes was obtained.
Current ramp up scenario was developed by the DINA code and the work on its optimization must be continued. Possibly the values of PF coil currents can be decreased due to a slow current ramp up in the presence of the overdrive condition (IPL<ICD+IBS). 
FNS/P7-11
Plasma MHD stability calculations with SPIDER and KINX codes have shown the necessity of passive coils to provide axisymmetric vertical stability in steady state regime. The variations of the internal inductance li and poloidal beta βp in rather big range are shown to have no significant influence on the instability growth rate γ that is limited by requirements of the plasma control system.
